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Abstract 
Assessment of chemical transport in vadose zone environments is critical for conserving the quality of groundwater.  
This project evaluated lognormal and convection-dispersion transfer function models with a conservative tracer 
through soil columns with silt loam soil material.  The soil cores were sampled with minimal disturbance to 
maintain the inherent soil structure prior to running breakthrough curves with computed tomography (CT) imaging.  
Estimation of transport parameters for these undisturbed, heterogeneous silt loam cores were not significantly 
improved with group-pixel averages.  This was due to transport through the macropores present in the sample cores.  
With more homogeneous cores, group-pixel averages of 1.0 x 1.0 mm or 2.0 x 2.0 mm were adequate to reduce 
fluctuations of CT image numbers.  When using resident concentration estimates, the estimations improved since 
most of the chemical moved through the macropores.  Applications of transfer function models were used in 
undisturbed soil columns with a conservative tracer.  Assessment of chemicals with adsorption properties may be 
evaluated in the future. 
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1. Introduction 
Degradation of water quality can occur due to pollutant transport through porous media.  Those involved with 
efforts to preserve the quality of water resources consider this to be of great importance.  The issue of pollutant 
transport prompts scientists to better understand the processes of chemical movement through porous media.  
Transport processes through the vadose zone are complex; groundwater vulnerability due to transport through this 
zone needs to be investigated (Onsoy et al., 2005).  A variety of methods have been used to evaluate and detect 
chemical movement through porous media to help illuminate these challenges.  Differential equations representing 
transport through time and space have been used to model solute mass; however, the spatial and temporal variability 
of transport parameters creates challenges in utilizing these models.  Soils and geologic materials are rarely spatially 
homogeneous and their properties can vary spatially on a small and/or large scale (Kazemi et al., 2008).   
Solute transport parameters are essential variables for the use of transport models.  However, the complex 
heterogeneous nature of geologic and soil systems presents challenges in estimating these transport parameters.  The 
variability of solute transport parameters has been assessed with field (Kazemi et al., 2008) and laboratory 
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approaches (Lennartz, 1999; Strock et al., 2001). The pore-water velocity and dispersivity are two significant
parameters needed in models.  These parameters are influenced by the measurement scale.  Strock et al. (2001) 
recognized the importance of macropore-scale heterogeneities in influencing solute transport. Structural features 
including macropores (pores greater than 1 mm in diamteter) and structural cracks have a significant effect on these 
solute transport parameters.
Estimation of macropore-scale transport processes in porous media is difficult. X-ray computed tomography
(CT) methods have been developed which measure solute transport in undisturbed earth materials.  These CT
techniques were originally developed in the field of medicine to diagnose three-dimensional variations in density
inside opaque objects.   These CT methods were adapted to assess variations in soil bulk density and soil water 
content and to characterize macropores in terms of size and spatial distribution in soils (Rachman et al., 2005). 
Solute breakthrough curves in undisturbed soil cores have been measured using CT methods which can characterize
solute transport parameters such as solute dispersivity (Peyton et al., 1994; Clausnitzer and Hopmans, 2000).  
Evaluation of these breakthrough curves using the transfer function model developed by Jury and Roth (1990) may
be a potential method to characterize transport parameters.
This study was conducted to experimentally evaluate solute breakthrough travel times using CT methods and 
assess transfer function models using travel time probability functions. The log-normal and convection-dispersion
transfer models were used to represent the physical processes of solute breakthrough.
2. Materials and Methods
Experimental Site The experimental site (Rocheport, Missouri) was under forest management (25 years) or 
perennial grass management (4 years; Peyton et al., 1994).  Soils at the site were classified as Menfro silt loam (fine-
silty, mixed, superactive, mesic Typic Hapludalfs).  These materials are well drained and formed in deep loess.
The upper 100 mm horizon contained 721 g kg-1 silt (Table 1).  Two intact cores (76.2 mm diam. by 76.2 mm 
long) were removed from the 0.02 to 0.10 m depth.  After sampling, the cores were trimmed on the ends, sealed in a 
plastic bag, transported to the laboratory and stored at 4o C prior to analysis.  Physical properties for the intact cores,
measured after scanning, are listed in Table 2.
Solute Transport Parameters One-dimensional solute transport in porous media can follow the convection-
dispersion equation:
[1]
where C is concentration (M L-3), t is time (T); z is distance (L), v is pore-water velocity (L T-1), and D is dispersion
coefficient (L2 T-1).  Experiments were conducted with the two core samples to estimate transport parameters.
Measured relative concentration (KI solute) versus time was determined for each core.  The sample was saturated 
with a solution containing 6.1 g L-1 CaCl2 and 1.8 g L-1 MgCl2, taken to the scanner, and scanned near the outlet end
of the core as a solution of 7.5 g L-1 KI was pulsed through the samples with a pump at a flow rate of 5.5 mL min-1. 
The core was positioned in the gantry of the CT scanner with its longitudinal axis oriented horizontally.  When the 
assembly was set on the scanner table, the scanner was calibrated with the saturated cores.  The CT scan plane, 
Table 1.  Physical and chemical properties for the sampling site by horizon.
Geomedia
Horizon Depth Sand Silt Clay Organic C
m g kg-1 g kg-1 g kg-1 g kg-1
A 0.00 0.10 54 721 225 17.6
AB 0.10 0.20 47 681 272 8.6
Bt1 0.20 0.45 40 641 319 6.1
Table 2. Physical properties of intact geomedia core samples.
Core
Number           Bulk Density   Porosity
       Saturated 
Hydraulic Conductivity
g cm-3 m3 m-3 m hr-1
1
2
1.35
1.46
0.490
0.445
0.0114
0.0167
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perpendicular to the longitudinal axis, was placed at a position in the core about 14 mm from the downstream end. 
An X-ray CT scanner using a 125 peak kVp X-ray beam with a pixel resolution of 0.5 by 0.5 mm and scan thickness
of 2.0 mm was used for scanning. For these two cores, the CT pixels were initially averaged using 4x4 pixels to
obtain a 2.0 mm by 2.00 mm image resolution with an 8 mm image thickness. These images were further averaged.
Effluent from the downstream end of the breakthrough assemblies was collected during the experiment every 60 
s.  Concentration of effluent samples was determined using an iodide ion selective electrode and a reference
electrode (Anderson et al., 2003).
Relative CT numbers from the KI breakthrough were plotted, and a smoothed CT-measured breakthrough curve 
was obtained for each pixel using a method similar to that outlined by Anderson et al. (2003).  Pore-water velocity 
(v) was estimated at each pixel in the scans using the following relationship, v = L/tb, where L is the longitudinal
length of core, and tb is pixel breakthrough time when the relative pixel concentration is 0.50.  The dispersion 
coefficient, D, is estimated at each image pixel using the KI data with the following relation, D = vL/4 S2, where S
is the slope of the pixel breakthrough curve at relative concentration equal to 0.50.
Four different averaging methods were used for the images.  The first method was 1x1 image pixel (2.0 mm x 2.0
mm); the second used 2x2 image pixels (4.0 mm x 4.0 mm); the third used 3x3 image pixels (6.0 mm x 6.0 mm); 
and the fourth used 4x4 image pixels (8.0 mm x 8.0 mm).
Transfer function models used for the breakthrough travel time include the log-normal and convection-dispersion
models.  The two-parameter log-normal probability density function, f (t), is as follows:
[2]
where t is the solute travel time, is the mean of the random variable [y = ln(t)], and is the standard deviation of 
the random variable, [y = ln(t)].  Methods for estimating the two parameters are given in Jury and Roth (1990).
The transfer function convection-dispersion model probability density function, fc(x,t), is as follows:
[3]
where t is the solute travel time, z is distance along the column, v is the pore-water velocity, and D is the dispersion
coefficient.  Methods for estimating these two parameters are given in Jury and Roth (1990).
3. Results and Discussion
Breakthrough Experiments Breakthrough experiments were conducted for the core samples.  Breakthrough time
results were compared as a function of image pixel averaging within a scan plane.  Figure 1 illustrates the results of 
the distributions of travel time as a function of pixel averaging.  For small image pixel size (1x1), the travel time
distribution was more skewed. With increasing image pixel size (2x2, 3x3 and 4x4) and decreasing number of 
pixels, the distributions tended to be more normal.  This is expected due to the variability for single pixels of the CT
data. More heterogeneity for pixel sizes near the resolution of the CT scanner causes more variability.
Table 3 illustrates the results of the statistical analysis for travel time distributions as a function of image pixel 
size.  The total number of pixels included in the scan plane as influenced by selected image pixel size is listed,
ranging from over 980 for 1x1 pixel size to 70 for 4x4 pixel size (Table 3).  The mean and median of travel time
change slightly with increasing image pixel size; values remain nearly the same for Core #1 but decrease slightly for
Core #2.  It is apparent that the variance decreases as pixel size increases. Since there is greater variability in 
smaller image pixel sizes (1x1 or 2.0 mm by 2.0 mm), this result is expected.  These results occurred for both core
samples.
A comparison between effluent concentration data versus resident concentration data is shown in Figure 2 for
Core #2.  Core #1 had similar results. Significant differences occur for the transport equations when using resident 
versus effluent concentration data.  For the CT measurements, resident transport equations are appropriate since the
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Fig. 1. Frequency distributions for breakthrough time for a core
(#2) as a function of image pixel sets: (a) 1x1; (b) 2x2 , (c) 3x3,
and (d) 4x4.  Image pixel size is 2.0 x 2.0 mm.
Fig. 2. Relative effluent and resident concentrations as a function 
of pore volume for a breakthrough experiment (core #2).
Table 3.  Statistical properties of travel time distributions for soil cores.
Core Number 
(Image Pixel Set)
Total
Number Mean Median Variance
min min min2
1 (1x1)
1 (2x2)
1 (3x3)
1 (4x4)
2 (1x1)
2 (2x2)
2 (3x3)
2 (4x4)
986
275
132
77
723
241
119
    70
35.70
36.98
35.49
34.99
30.13
21.26
19.53
20.80
36.62
39.96
38.86
39.11
22.85
17.81
17.76
17.65
323.29
277.55
276.50
259.14
470.29
169.89
39.12
182.19
Fig. 3.  Measured breakthrough curves for a core sample (#2)
illustrating relative concentration as a function of time with fitted 
transfer function models (a) lognormal and (b) convection-
dispersion equation (CDE).
Fig. 4.  Measured resident concentrations as a function of time
with fitted transfer functions (convectivion-dispersion model) for 
resident concentrations (solid line) and effluent concentrations 
(dashed line) for Core #2.
193 S.H. Anderson et al. /  Procedia Computer Science  20 ( 2013 )  189 – 194 
scanner samples within the core.  For effluent data sampled at the outflow end of the core, effluent or flux transport 
equations are more appropriate.  Differences occurred between the two sampling methods due to macropores present 
in these undisturbed core samples, since macropores transport solute quickly to the effluent end of the sample. 
Transfer Function Parameters  Figure 3a illustrates the log-normal transfer function model fitted to resident 
concentration data for Core #2.  It appears that the curve fits these data fairly well for a medium-textured soil.  For 
the log-normal transfer function model, two parameters are estimated, and  where these are the mean and 
standard deviation of the logarithm of the transfer time, respectively.  Values as a function of image pixel size are 
listed in Table 4. Estimates for the resident concentration and effluent concentration data are also shown in this 
table. Values of  stay relatively similar as a function of image pixel size for Core #1 but decrease slightly for Core 
#2. Values of  decrease as a function of pixel size (except for 4x4 for Core #2).  The standard deviation decreases 
with increasing image pixel size since the variability decreases as more pixels are included in the image.  The 
values for image pixel sizes of 4.0 x 4.0 mm (2x2), 6.0 x 6.0 mm (3x3), and 8.0 x 8.0 mm (4x4) are similar to the 
fits for the resident concentrations.  However, the values for the effluent concentrations are slightly lower.  The  
values for resident concentration data are significantly higher than the image pixel group values. 
Results of the convection-dispersion transfer function model fitted to resident concentration data for Core #2 are 
shown in Figure 3b.  Although some initial values do not fit the curve as well, the overall fit appears to be fairly 
appropriate for these data.  Two parameters are estimated with the convection-dispersion transfer function model:  v 
and D, the pore-water velocity and dispersion coefficient, respectively.  Table 4 illustrates the data for image pixel 
sizes as well as the resident concentration and effluent concentration data.  The pore-water velocity increases 
slightly from the first image pixel set (1x1) to the second (2x2) and then remains more constant with increasing 
image pixel size.  Values from resident concentrations are lower than the image pixel sets, and values from the 
effluent concentrations are higher.  The dispersion coefficient for the image pixel sets are similar and change only 
slightly.  However, the dispersion coefficients for the resident and effluent concentration data are much higher than 
the image pixel sets.  Thus, it appears that averaging image pixel sets does not affect the model parameters 
substantially. 
Estimated breakthrough curves using estimates from resident concentrations and effluent concentrations are 
shown versus measured resident concentrations for Core #2 in Figure 4.  Similar results were found with Core #1.  
Only the resident concentration fitted parameters appear to match the measured data well.  The effluent data 
predicted an earlier breakthrough than measured data.  These results are due to the heterogeneous nature of these silt 
loam cores which contained macropores. 
Table 5 shows the statistics for maximum error and root mean square error for Core #2 as a function of image 
pixel size.  Similar results were found for Core #1.  Resident and effluent concentration data for this core sample are 
also included.  Maximum error and root mean square error do not change much with increasing image pixel size.  
This implies that a group image pixel set of 1x1 (2.0 mm by 2.0 mm) may be appropriate for estimating solute 
breakthrough for these types of core samples. 
 
Table 4.  Parameter estimates as a function of pixel set for soil cores for the transfer function models:   
lognormal and convection-dispersion equation (CDE).  The parameter estimates for the downstream  
resident and effluent concentrations are also shown. 
Core Number  
(Pixel Set) 
          Lognormal             CDE 
  v 
 
D 
 
 
 
  
cm/min    cm2/min  
1 (1x1) 
1 (2x2) 
1 (3x3) 
1 (4x4) 
1 (resident) 
1 (effluent) 
 
2 (1x1) 
2 (2x2) 
2 (3x3) 
2 (4x4) 
2 (resident) 
2 (effluent) 
 3.677 
 3.649 
 3.650 
 3.622 
 3.586 
 2.560 
 
 3.197 
 2.898 
 2.924 
 2.862 
 2.836 
 1.773 
0.443 
0.356 
0.331 
0.338 
0.823 
0.446 
 
0.646 
0.564 
0.311 
0.589 
1.136 
1.298 
0.142 
0.151 
0.152 
0.157 
0.124 
0.174 
 
0.206 
0.292 
0.317 
0.298 
0.196 
0.473 
0.0954 
0.0635 
0.0548 
0.0586 
0.3186 
2.186 
 
0.330 
0.338 
0.100 
0.384 
1.153 
4.218 
 
194   S.H. Anderson et al. /  Procedia Computer Science  20 ( 2013 )  189 – 194 
      
Table 5.  Statistical evaluation of transfer function models (lognormal and  
convection-dispersion) as a function of pixel set for a core (#2).  Values for the  
downstream resident and effluent concentrations are also shown. 
Transfer 
Function Pixel Set 
 Maximum 
     Error 
Root Mean 
Square Error 
 
    
 
 
 
  
           %  
Lognormal 
Lognormal 
Lognormal 
Lognormal 
Lognormal 
Lognormal 
 
CDE 
CDE 
CDE 
CDE 
CDE 
CDE 
   1x1 
   2x2 
   3x3 
   4x4 
resident 
effluent 
 
   1x1 
   2x2 
   3x3 
   4x4 
 resident 
 effluent 
0.315 
0.344 
0.360 
0.342 
0.190 
0.224 
 
0.317 
0.342 
0.359 
0.341 
0.203 
0.235 
23.15 
26.93 
28.20 
27.75 
11.16 
21.13 
 
22.90 
26.80 
28.10 
27.64 
11.53 
21.34 
  
      
 
4. Conclusions 
The vulnerability of groundwater resources to chemical transport through porous media needs to be 
characterized.  This study evaluated two transfer function models for predicting computed tomography-measured 
chemical breakthrough in porous media.  Undisturbed core samples from a field site which contained macropores 
were used to conduct breakthrough experiments.  The log-normal and convection-dispersion transfer function 
models were used to parameterize the transport for the breakthrough experiments.  Transport parameters did not 
appear to be significantly affected by averaging beyond 2.0 x 2.0 mm image pixels.  However, effluent 
concentration data from the core samples did not appear to fit the data well while resident concentration gave a good 
fit.  Data from this study indicate that an initial averaging of CT scan data to 2.0 by 2.0 mm pixels is sufficiently 
accurate for reducing variations in CT scan numbers.  For this study, the application of the transfer function models 
was limited to conservative solute transport in undisturbed columns.  Future work may characterize chemical 
adsorption processes using breakthrough experiments. 
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